, K
/ , and Na / ). TTR concentrations were deter-the chemical stability of the CSF by rigorously restricting mined by radioimmunoassay using a monospecific rabbit anti-rat access of substances from the blood to the CNS compart-TTR polyclonal antibody, and CSF metal ions analyzed by flame ment, by producing and secreting essential materials toward atomic absorption spectrophotometry. Two-way ANOVA of CSF the CNS, and by transporting some substances bidirection-TTR concentrations revealed highly significant dose (p õ 0.0001), ally between the blood and CSF (Smith, 1991; Nilsson et time (p õ 0.0223), and dose-by-time effects (p õ 0.0379). More-al., 1992; Johanson, 1995) . The impairment of this barrier over, the percentage of reduction of CSF TTR was directly correhas been reportedly associated with certain clinical encephalated with Pb concentrations in the choroid plexus (r Å 0.703, p lopathies (Ormerod and Venkatesan, 1970; Rudin, 1981;  õ 0.05). Pb exposure significantly increased CSF concentrations Levine, 1987; Jorgensen, 1988; Philip et al., 1994) . We have previously reported that the choroid plexus sescope did not show distinct alterations of plexus structure in Pb-questers toxic metals, particularly Pb (Friedheim et al., 1983 ; treated rats. Since TTR is responsible for transport of thyroid Zheng et al., 1991) . Using human autopsy material, an inhormones to the developing brain, we postulate that the depression crease of Pb in the choroid plexus was found to be signifiof choroid plexus TTR production (and/or secretion) by Pb may cantly associated with age (Friedheim et al., 1983) . This impair brain development in young animals by depriving the CNS observation was subsequently confirmed by Manton et al.
of thyroid hormones. ᭧ 1996 Academic Press, Inc. (1984) . Animal studies using an acute exposure model also demonstrated that the accumulation of Pb in the choroid plexus was dependent upon the dose and time of exposure For lead (Pb) to induce neurotoxicity, it must first cross (Zheng et al., 1991) . To date, at least nine different heavy the barriers, i.e., the blood-brain and blood-cerebrospinal metals or metalloids have been found to accumulate in the fluid (CSF) barriers, that separate the central nervous system choroid plexus (for detailed review, see Zheng, 1996) . Nev-(CNS) compartment from blood and other body compart-ertheless, little information exists regarding the consequences of accumulation of toxic metals in the choroid 1 To whom correspondence should be addressed.
plexus. In particular, little attention has been directed to the 445 0041-008X/96 $18.00 Copyright ᭧ 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
were used for the biochemical analyses. The brain was then removed, the possibility that the choroid plexus may be the critical target choroid plexus dissected, wet weight recorded, and frozen at 020ЊC until site of Pb neurotoxicity.
further analyses. For those animals killed at 90 days, blood samples were The purpose of this study was to test the hypothesis that collected from the inferior vena cava for determination of blood Pb concenlow-dose, long-term exposure to Pb may alter choroid plexus tration (BPb). function. The function of the choroid plexus was assessed Radioimmunoassay (RIA) of TTR. The RIA procedure for determining as reflected by CSF concentrations of transthyretin (TTR) TTR concentrations in serum, CSF, and tissues has been well established in Dr. Blaner's laboratory and previously described in detail (Navab et al., and CSF essential metal ions (Ca CSF is exclusively produced, secreted, and regulated by the procedure as described by Blaner (1990) . TTR concentrations in CSF were choroid plexus in mammalian brain (Herbert et al., 1986;  quantitated using this procedure. As little as 2 ml of CSF was usually Wade et al., 1988; Nilsson et al., 1992; Aldred et al., 1995) . sufficient for the assay of CSF TTR by this method. The procedure has Per unit of weight, rat choroid plexus contains 10 times more proven to be sensitive, specific, and reproducible (Navab et al., 1977;  TTR mRNA than the liver, the major organ for serum TTR Blaner, 1990) . Within and between assay coefficients of correlation for the assay of plasma TTR were 4.8 and 6.2%, respectively.
( Dickson et al., 1985) , and synthesizes TTR 13 times faster
Atomic absorption spectrophotometry (AAS) analysis. Pb concentrathan the liver (Dickson et al., 1986; Schreiber et al., 1990 Glorieux et al., 1983; Legrand, 1984) . In addition, we deter-using the procedure of Fernandez and Hilligoss (1982) the choroid plexus plays an essential role in regulating the Elmer, 1984) . The samples were diluted directly with distilled, deionized homeostasis of these metal ions in CSF (Johanson, 1995) .
water so as to keep the absorbance reading within the linear ranges of the measurement. The following dilution factors were applied: for Ca, 250-fold; Na, 15,000-fold; and K and Mg, 800-fold.
MATERIALS AND METHODS
Determination of protein content. CSF total protein content was measured by a Bio-Rad Protein Assay Kit (Bio-Rad Lab, Richmond, CA) using Animals and pretreatment. Male Sprague-Dawley rats (Harlan, Indiabovine serum albumin as the standard. napolis, IN) ages 20-22 days, weighing 30-50 g upon arrival, were assigned to three groups such that the group mean body weights were compaStatistics. Concentrations of TTR, Pb, and other essential metal ions rable. The animals were housed in a temperature-controlled, 12/12 light/ in CSF and choroid plexus were analyzed by two-way analysis of variance dark room and allowed to have free access to pelleted Purina semipurified (ANOVA). When ANOVA revealed an overall treatment effect, contrast rat chow (Purina Mills Test Diet, 5755C, Purina Mills, Richmond, IN) as analyses were performed at individual time points using Scheffe's multiple well as preprepared drinking water. On the third day (age of 22-24 days) comparison test (Scheffe, 1967) . after arrival, the animals started to receive Pb in drinking water. An addiMaterials. Chemicals were obtained from the following sources: Pb tional group of control, Pb-untreated rats was euthanized at 25-27 days of acetate from Sigma Chemical Co. (St. Louis, MO); Na acetate from Fisher age and is referred as the ''Day 0'' group. Scientific Co. (Fair Lawn, NJ); NH 4 H 2 PO 4 from Aldrich Chemical Co. The exposure paradigm of Cory-Slechta (Cory-Slechta et al., 1983; Cohn (Milwaukee, WI) ; AA standards of Pb, Ca, Mg, K, and Na from Alfa and Cory-Slechta, 1993) was chosen since this was known to be associated Products (Danvers, MA); 125 Iodide (sp act: 17 mCi/mg) from Du Pont (Boswith subtle developmental deficits. Thus, drinking water was prepared by ton, MA). All reagents were of analytical grade, HPLC grade, or the best dissolving Pb acetate in distilled, deionized water (50 and 250 mg Pb/ available pharmaceutical grade. ml). Pb concentrations were verified by graphite furnace atomic absorption spectrophotometry. For the control group, sodium acetate with an acetate concentration equivalent to the high dose of Pb acetate was prepared in the RESULTS same manner.
Sample collection. At 30, 60, and 90 days following initiation of expoFollowing chronic Pb exposure, the mean body weights sure, 10 rats from each dose group were anesthetized with pentobarbital of rats in the high-dose group (254 { 13.1, 355 { 19.5, and (50 mg/kg, ip). CSF samples (about 100-150 ml) were obtained through a 421 { 24.7 g, mean { SD for Days 30, 60, and 90, respecbutterfly needle (26-gauge) attached to polyethylene tubing. The needle was tively, same in the following), but not in the low-dose group inserted between the protruberance and the spine of the atlas. CSF samples visibly contaminated with blood were discarded and those free of blood (270 { 15.2, 382 { 20.2, and 453 { 31.8 g), were signifi-(Ç31%) of CSF TTR in neonatal than in young adults (Larsen and DeLallo, 1989) .
By plotting CSF TTR against Pb deposited in the choroid plexus, it became evident that CSF TTR was inversely associated with concentrations of Pb in the choroid plexus (r Å 0.703, p õ 0.05).
The CSF concentrations of Ca 2/ , K / , Na / , and Mg 2/ obtained from our control rats (Table 1) were comparable to those reported in literature (Davson and Segal, 1996) cantly lower than those in the control group (271 { 12.2, 388 { 17.5 g, and 469 { 31.8 g) at all three time points. At Day 90, BPb in control rats was below the detection limit (õ1.0 mg/dl), while the mean BPb of rats in the low-and high-dose groups were 18.2 and 48.9 mg/dl, respectively. Rats under this dose regimen showed a significant accumulation of Pb in the choroid plexus (Fig. 1) . It is notable that the prolonged exposure for 60 and 90 days did not seem to further increase Pb deposition in the choroid plexus, suggesting a possible saturation with Pb by 30 days.
Low-dose, long-term exposure to Pb caused a significant decrease of CSF concentrations of TTR ( Fig. 2A) . The Pb effect became even more striking when CSF concentrations of TTR were normalized to CSF protein concentration (Fig.  2B) . Two-way ANOVA analysis revealed that dose, time, and the dose-by-time interaction were all highly significantly related to CSF TTR (p values: for dose, p õ 0.0001; time, p õ 0.0223; dose 1 time, p õ 0.0379). The alteration of CSF TTR by Pb was characterized by (1) a rapid decline of CSF TTR and (2) a direct association between the percentage of reduction and choroid plexus Pb concentration (Fig. 3) . The decline of CSF TTR occurred early at the first time point, i.e., 30 days, when decreases of approximately 36 and 42% CSF TTR were observed in the low-and high-dose groups, respectively. Exposure to Pb for 60 days did not further depress CSF TTR (about 32-37% decreases). At Day 90, no significant difference could be seen between CSF TTR in Pb-treated animals as compared to the control group.
FIG. 2. Reduction of CSF TTR following chronic Pb exposure in rats.
In addition, it is interesting to note that untreated, control CSF samples were free of blood. The data represent mean { SD of 6-10 neonatal rats (27-day-old) had a higher CSF TTR than adults observations. *p õ 0.05 as compared to the control by Scheffe's method. (Fig. 2A) , suggesting an age-related decline in CSF TTR. TTR concentrations in the CSF were expressed as (A) mg of TTR per ml of CSF and (B) mg of TTR per mg of CSF proteins. This is reassuring since human studies report a higher level about 60-80% of CSF thyroxine to the CNS (Hagen and Elliott, 1973; Herbert et al., 1986; Larsen and DeLallo, 1989) . Recent evidence has revealed that the choroid plexus transports thyroid hormones from blood to CSF via TTR synthesis in the choroidal epithelia (Schreiber et al., 1990; Dratman et al., 1991; Chanoine et al., 1992; Southwell et al., 1993) ; a small portion of thyroxine may also enter the brain across the blood-brain barrier (Blay et al., 1993) . In the choroid plexus, the TTR gene is expressed early in fetal development, a phenomenon consistent with the importance of the thyroid hormones in embryonic brain development (Thomas et al., 1989; Cavallaro et al., 1993) .
Thyroid hormones have striking effects on the CNS, particularly during the developmental period (Dussault and Ruel, 1987) . Deprivation of thyroid hormones in children   FIG. 3 . Correlation between CSF TTR and Pb deposited in the choroid causes irreversible mental retardation (Smith et al., 1957;  plexus (CP) following chronic Pb exposure. CSF TTR data were derived from Fig. 2 and CP Pb data from Fig. 1 . Glorieux et al., 1983; Legrand, 1984) . In the current study, we adapted a Pb-exposure protocol previously used in Pb behavioral toxicity studies (Cory-Slechta et al., 1983) . Other rats treated by this protocol reportedly displayed a typical Histopathologic examination of the choroidal epithelia pattern of deficiency in growth, learning, and performance was conducted in three rats from each group. No distinct (Cory-Slechta et al., 1983; Cohn and Cory-Slechta, 1993 ; structural alteration in choroidal epithelia could be identified Hammond et al., 1993) . However, it is not known whether under light microscopy (data not shown). However, the cur-thyroid hormone status in brain tissues and CSF in such rent observation does not rule out the possibility of ultra-animals is normal. It is also necessary to point out that the structural alterations.
Pb exposure in this study was initiated at the age of 21 days.
DISCUSSION TABLE 1
Our results demonstrate that low-dose, long-term expo- (Fig. 2) , the phenomenon probably resulting from the early Potassium saturable deposition of Pb in the choroid plexus (Fig. 1) et al., 1986; Wade et al., 1988) . Our results raise a number of interesting questions. First, since CSF TTR transports thyroid hormones to and in the Note. The numbers of rats involved in this study: For 30-day experiment, brain, does the Pb-induced decrease in CSF TTR in early control, n Å 9, low dose, n Å 7, high dose, n Å 8; for 60-day experiment, postnatal life disrupt the homeostasis of thyroid hormones control, n Å 8, low dose, n Å 10, high dose, n Å 8; for 90-day experiment, in the CNS and thereby mediate the developmental deficits? control, n Å 9, low dose, n Å 8, high dose, n Å 9.
* p õ 0.05 as compared to the control.
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